The purpose of this study was to determine whether Delayed Gadolinium-enhanced 
Introduction
Lameness is the primary cause of poor performance and wastage in horses. [1] [2] [3] [4] [5] [6] This decrease in athletic ability has been estimated to cost the performance horse industry in North America an estimated $1 billion annually, with an incidence of 8.5% to 13.7%. 7 In studies performed at racetracks throughout the world, the most common source of lameness is the distal limb. 5, [8] [9] [10] [11] [12] [13] Twenty five percent of racing Thoroughbreds experience metacarpophalangeal and metatarsophalangeal joint pain, 5 with this joint being the most commonly affected by traumatic and degenerative lesions of the appendicular skeleton resulting in osteoarthritis. 6, 10, 14, 15, 16 Osteoarthritis is characterized by matrix fibrillation, the appearance of fissures and ulceration and full-thickness loss of the cartilage. [17] [18] [19] [20] Magnetic resonance imaging, including the use of gadolinium (Gd-DTPA 2- ) has been used in human studies to visualize osteoarthritis early in the disease process. [21] [22] [23] [24] [25] Parametric mapping of cartilage entails post-processing of images to give relaxation time-associated colour-maps that provide a visual interpretation of the specific area's relaxation times. This has been described in T2, T2*, and delayed gadolinium enhancement of MR in cartilage (dGEMRIC)) techniques. 26 T2-mapping is a non-invasive technique that can characterize hyaline articular cartilage and repair tissue. 27 In dGEMRIC, the negatively charged Gd-DTPA 2- , injected either intraarticularly or intravenously, penetrates hyaline cartilage in an inverse relationship to the proteoglycan concentration of the cartilage. When proteoglycan concentration is decreased due to cartilage degradation, as seen in osteoarthritis, the penetration of Gd-DTPA 2-is increased due to a relative decrease in negative charge of the proteoglycandepleted cartilage. Delayed gadolinium enhanced MR in cartilage has been shown to be an excellent indicator of early degenerative cartilaginous changes in humans.
MRI parameter maps for T2 and dGEMRIC can be made by freehand drawing of cartilage ROIs. Signal intensity can be then fitted pixel by pixel into monoexponential relaxation equations using image analysis software (MATLAB Mathworks Inc., Natick, MA, USA). Results of these calculations yield a relaxation time value for each pixel. A mean of the relaxation time values for pixels within an ROI can be then used to characterize the cartilage within each region of interest (ROI).
To ensure that the bone/cartilage interface and the cartilage surface of the dGEMRIC and T2 mapping sites are consistent with true anatomical areas, previous validation studies have compared MRI measurements to histological measurements as the gold standard. A study validating MRI imaging measurements of equine carpal cartilage thickness found a significant correlation between gradient echo and spoiled gradient echo, and spoiled gradient echo and histologic measurements. 28 The same study found that, when calcified cartilage was excluded from the histologic measurement, MRI measurements were significantly greater than histologic measurements. 28 Another previous human study reported good repeatability for cartilage thickness measurements using a 7T scanner, with a coefficient of variation of 1.13%. 29 Good repeatability of MRI cartilage thickness measurements was also found in a study of asymptomatic human hip joints. 30 Inter-rater and intra-rater reliability of human cadaver femoral head cartilage thickness measurements from 3D-spoiled gradient echo pulse sequences have been found to be very high (<0.98) 31 and highresolution MRI cartilage thickness evaluation was also found to have good correlation with direct imaging analysis of surgically removed cartilage. 32 For accurate determination of highly curved and thin articular cartilage volume and thickness three-dimensionally, a 3D gradient echo sequence with selective water excitation acquisition can be used together with semi-automatic segmentation using a spline Snake algorithm. 33 Previous studies have also validated MRI cartilage measurement techniques for assessing progression of osteoarthritis. In one previous study, MRI detected a 1-2% decrease in cartilage thickness annually in human patients with some identifiable risk factors. 24 Another study reported that MRI cartilage thickness and volume measurements decrease in patients with symptomatic knee osteoarthritis. 34 In an experimental study using a guinea pig meniscectomy model, MRI cartilage thickness measurement precision (repeatability) was good, with positive agreement and a significant partial correlation between measurements. 35 Cartilage thickness changes were also seen in serial MRI examinations of guinea pig stifle joints after meniscectomy. 36 Computer aided methods for quantifying cartilage thickness and volume changes using MRI have also been validated. 37 A computer aided technique where measurements were tested and re-tested (paired imaging analysis), improved precision of cartilage segmentation for articular surfaces of the femur, tibia and patella was found. 38 Using MRI-based 3D cartilage models, the thickness of cartilage was overestimated in regions where cartilage thickness was < 2.5mm and correctly predicted in regions where the cartilage was > 2.5 mm. 39 In a study comparing a standard MRI knee protocol and T2-mapping, T2-mapping was found to be feasible in a clinical setting and also revealed cartilage lesions not visible with standard clinical MRI protocols. 40 Day-to-day repeatability of the dGEMRIC measurements has also been reported at different knee joint surfaces of healthy humans, and has been found to be good for small, deep or superficial segments, for full thickness ROIs and for bulk ROIs. 
Materials and Methods
This was a prospective cross-sectional study using 24 was defined based on a 35° palmar/plantar angle from a point in the center of the rotation of the joint and using the sagittal template of slices 5 and 13 (Fig. 1B) . The palmar site location was chosen based on the site where cartilage injury has been previously reported, most often in conjunction with subchondral sclerosis and signs of fatigue condylar fractures. 42, 43 The locations of sites 1-3 were chosen to be the same as sites previously evaluated by researchers studying stages of condylar fatigue fractures 42 .
The metacarpo-/metatarsophalangeal joints were radiographed and scanned with computed tomography and limbs discarded from this study if there were overt signs of pathology, such as osteochondritis dissecans or osteoarthritis changes with osteophytes larger than 2x2mm. Metacarpus 3 and Mt3 were dissected loose from the rest of the limb and the mid-medial and mid lateral condyles of Mc3 and Mt3, respectively, were identified using the transverse MRI template and sectioned into 3-5mm thick slices using a band saw. The dorsal and medial aspects of each bone section were marked and the sample placed into an 8% nitric acid made up in 10% buffered formalin solution for fixation and decalcification. The solution was replaced every week to optimize demineralization until the bone floated in the solution. Sites 1, 2 and 3 were identified using the sagittal template of the mid-medial and mid-lateral distal condyles of Mc3 and Mt3, respectively, the cut blocks processed, embedded into paraffin wax, sectioned on a rotary microtome and stained using standard
Haematoxylin and Eosin. Sections were then mounted with Entellan (Merck Chemicals, Darmstadt, Germany). For cartilage thickness measurement analysis, the stained sections were viewed with a Nikon (Centurion, South Africa) light microscope equipped with an Axio Cam camera (Axiovision VS40V4.8.1.0 Carl Zeiss Imaging Solutions GmbH).
Two observers measured cartilage thickness from the articular surface to the first Haversian canal (bone cartilage interface) and from the articular surface to the mineralized cartilage interface (tide mark) if visible (Fig. 2) . Three measurements were made at each site and the mean determined. Each set of metacarpo-/metatarsophalangeal measurements was acquired at least 5 days apart.
To determine whether regions of interest to be mapped on the T2-and dGEMRICmapped images were representative of true cartilage dimensions, the histomorphometric thicknesses of cartilage at sites 1-3 were compared to measurements from MRI images 28 . Cartilage thickness was measured using a Siemens 
Results
Twenty limbs met the inclusion criteria and four limbs were excluded, two for osteoarthritis, one for synovitis and the other for an osseous cyst-like lesion. T2-mapping data was lost in Horse 1 right and left hind limbs, and Horse 2's right hind limb due to technical errors; therefore 17 limbs were available for T2-mapping ROI tracing.
Means, standard deviations and intra-and interobserver ICCs of cartilage thickness at sites 1-3 for bone cartilage interface and mineralized cartilage interface, and combined sites 1-3, respectively, are summarized in Table 1 . For histomorphometric cartilage thickness using the bone cartilage interface, intra- For histomorphometric cartilage thickness using the mineralized cartilage interface, intra-observer repeatability for Observer A was good at sites 1 and 3, with least repeatability for site 2 (0.66) and most repeatability for site 1 (0.91). Observer B measurements were moderately repeatable for sites 1 and 2, but poorly repeatable for site 3 (0.10). The repeatability between means of Observer A1 and Observer A2 measurements, versus means of Observer B1 and Observer B2 measurements, was moderate for sites 1, 2 and 3, respectively. Means, standard deviations and intra-observer ICCs of cartilages thicknesses at sites 1-3, separately, and 1-3 combined, for the STIR images at 180 minutes post Gd-DTPA 2-and the PDw images are summarized in Table 2 . For the STIR cartilage thickness measurements, Observer A showed good repeatability for site 3 (0.79), moderate repeatability for site 2 (0.58) and poor repeatability for Site 1 (0.11). For the PDw cartilage thickness measurements, Observer A showed good repeatability for site 1 (0.77), moderate repeatability for site 3 (0.69) and poor repeatability for site 2 (0.31). 49 The use of traction to separate the two cartilage surfaces and better evaluate them has been described in human knees 50 and should therefore be considered in the future when evaluating the metacarpo/metatarsophalangeal cartilages using dGEMRIC and T2 mapping in the horse and in the clinical setting.
Histomorphometrically, the bone cartilage interface measurements of cartilage thickness were consistently higher than the mineralized cartilage interface measurements. This finding was expected, since the tideline of calcified cartilage is found in the articular cartilage between the Haversian canals and the cartilage surface.
The amount of mineralized cartilage interface measurements that could be made with confidence were less than the bone cartilage interface measurements, because the border of the mineralised cartilage could not be clearly ascertained in several of the slides.
Mineralized cartilage interface cartilage thicknesses were consistently found to be higher than STIR and PDw measurements at sites 1 and 2, but lower at site 3, likely for the same reason as for the bone cartilage interface measurements. These findings support previously reported findings where MRI measurements of equine carpal cartilage were significantly greater than the histologic measurements. 28 The subjective choice of STIR and PDw sequences as being the best for visualizing cartilage in the current study was supported by the fact that TI=200ms is quite close to STIR imaging at 1.5T (where TI=150ms), which means that the fat signal of the image is close to zero, and cartilage with relatively high water content can be well differentiated from its surroundings. For T2, the image with the shortest TE has the best signal to noise ratio and least T2 weighting, therefore closer to a proton density weighting, which yields a good contrast between cartilage and surrounding tissues. One possible limitation of the study was that only one horse's limb was used to determine the selection of these sequences. However, a very rigorous review process was followed for all the limbs to ensure the cartilage examined was as normal as possible. Also, the MRI properties of fat and water were expected to be constant and behave similarly when using a constant set of imaging parameters at a constant field strength.
It was encouraging that findings from the current study indicated that intraobserver repeatability of MRI measurements was good to moderate where cartilage was not in contact with other cartilage. This finding was similar to previously published findings. [29] [30] [31] One limitation of the current study was that no inter-observer comparisons were made. However, previous studies have found good inter-observer repeatability for MRI measurements.
Another limitation of the current study was that histomorphometric measurements were not measured at more sites away from adjacent cartilage.
Histomorphometric cartilage thickness measurements of the dorsal and palmar aspects of distal Mc3 have not been found to differ in previous studies. 47 Therefore, it is reasonable to assume that measurements from these sites would be relatively similar to site 3's measurements.
If a higher field strength magnet had been used, higher resolution images could have resulted in superior cartilage thickness measurements as has been reported in a human study comparing 3T with 1.5T images. However, even in that study, correlation coefficients for values obtained at 3T and 1.5T were high. 51 Using thinner slices for MRI scans was considered for the current study, but this would have resulted in a lower signal to noise ratio and would have been more time-consuming.
The effect of slice thickness on assessment of human knee cartilage volume has been previously reported and findings indicated that there was little difference in human tibial cartilage volume as slice thickness increased from 1.5 to 7.5mm. 52 Conclusions from the previous study were that increasing slice thicknesses could be used and that this would result in decreased acquisition and post-processing times. However, since human knee cartilage thickness is much greater than that of the equine fetlock, this extrapolation may not be valid in equine fetlock joints. Cartilage curvature is another important factor to consider. If cartilage is very thin but not curved in the region being evaluated, thicker slices will also give reliable results. The small sites evaluated in the distal Mc3/Mt3 had very little curvature. Another limitation to this study was the relatively low number of horses and limbs used, decreasing the power of the findings.
In spite of these limitations, bone cartilage interface histomorphometric cartilage thickness measurements did not differ from MRI measurements using a selected inversion recovery sequence for dGEMRIC mapping, and a selected time to echo image for T2 mapping in the palmaro/plantarodistal aspect of the distal 
